Abstract We have previously demonstrated coordinate inductions of c-fos, c-jun, jun B, and jun D in cardiac myocytes exposed to hypoxia for 2 to 4 hours. Induction of these transcripts occurred before any significant loss of intracellular ATP. In the present study, the origin of the signal(s) that regulates immediate-early gene induction was investigated by comparing the effects of hypoxia with those of the metabolic inhibitors cyanide, deoxyglucose and cyanide combined, and iodoacetic acid. Cyanide, an inhibitor of oxidative metabolism, closely mimicked the metabolic effects of hypoxia, with elimination of oxygen consumption, increased lactate production, and minimal decline in ATP levels under both conditions. Compared with hypoxia, cyanide mediated small transient inductions of fos and jun transcripts that followed a different time course. The combination of cyanide and deoxyglucose resulted in inhibition of lactate production as well as respiration, and ATP dropped rapidly to 20% of control levels. The loss of intracellular ATP was followed by fourfold inductions of c-fos and c-jun with minor changes in jun B and jun D transcript levels. Similarly, iodoacetic acid caused a major (90%) loss of ATP and irreversible cell damage as measured by leakage of creatine phosphokinase enzyme and loss of membrane arachidonic acid; ATP loss was followed by fivefold to sevenfold inductions of c-fos, c-jun, and jun B transcripts.
M embers of thefos andjun multigene families are induced rapidly and usually transiently in response to a range of diverse stimuli (reviewed in References 1 through 3). The Fos and Jun proteins constitute the transcription factor APi.4-6 Induction offos and jun as well as of other immediate-early-acting genes have been described in response to ischemia and reperfusion in the brain,7-'0 kidney,1-'3 liver,'4'5 and heart. '6 Neither the functional roles for these transient inductions nor the immediate initiating stimuli have been established. We have recently demonstrated that c-fos, c-jun, jun B, and jun D are all induced in cardiac myocytes exposed in vitro to severe hypoxia.17 This suggests that the hypoxic component of an ischemia/reperfusion stress can directly mediate the signal for induction of immediate-early genes, as opposed to secondary downstream factors that were previously suggested.7 '11-15,18 A feature common to both hypoxia and ischemia in eukaryotic cells and tissues is the partial or complete switch from oxidative (respiratory) to anaerobic (glycolytic) energy metabolism.19-2' The anaerobic block of electron transport results in a global increase in the reduction of mitochondrial respiratory chain components and cofactors of oxidative phosphorylation, an effect that has been linked with the ensuing oxidative stress that can occur during ischemia/reperfusion.22 The switch also causes changes in the intracellular pools of other metabolic substrates, including glycogen, glucose, intermediate metabolites, fatty acids,23 and presumably glutathione.24 A number of these may be involved in second-messenger pathways.25 29 Metabolic switching in ischemic tissue also causes localized acidosis. 19, 20 Therefore, the regulation by oxygen availability of some cellular functions, including gene expression, could be a consequence of the biochemical changes that accompany metabolic switching. Alternatively (or additionally), the induction of immediate-early genes may be more directly coupled to other oxygen-sensitive redox states, independent of metabolic switching. Redox regulation of Jun activity and expression has been described previously. [30] [31] [32] [33] The possibility of molecular oxygen sensors in the myocardium as well as in other cells and tissues has also been suggested previously. [34] [35] [36] [37] [38] [39] [40] If the signal(s) for immediate-early gene regulation by hypoxia is associated with metabolic switching and accompanying factors, then it should be possible to reproduce the effects by appropriate metabolic inhibition. To address this question, we measured the changes in expression of members of the fos and jun gene families in cardiac myocytes subjected to metabolic inhibitors and compared the changes with those observed during hypoxia. Although it was possible to closely reproduce the effects of hypoxia on metabolic switching as well as on intracellular ATP levels, metabolic inhibition did not reproduce the effects of hypoxia on fos and jun gene expression.
Materials and Methods Cell Culture
The isolation of cardiac myocytes from neonatal rat hearts has been described in detail elsewhere. 21 Blots were probed with 13-actin as the last probe of the series. All RNA quantification experiments were repeated at least five times, quantified signals were normalized with respect to a zero control time point, and the composite data were expressed in histogram form as the mean+SEM induction.
Lactate and Creatine Phosphokinase
Lactate and creatine phosphokinase (CPK) in the culture media were measured optically, as described previously,21 with kits from Sigma Chemical Co, St Louis, Mo. Briefly, 100-LtI samples of medium were removed from each plate. For lactate determination, a portion of the sample was deproteinized with cold trichloroacetic acid (TCA), and lactate content of the supernatant was measured spectrophotometrically as described by the manufacturer. CPK was also determined spectrophotometrically by an enzyme-linked assay as described by the manufacturer.
Arachidonic Acid and ATP
The release of [3H]arachidonic acid from myocyte membranes was measured as described previously.'745 Briefly, cells were incubated for 20 hours in media containing 0.1 mCi/mL [3Hlarachidonic acid (Amersham), after which time the radioactive medium was removed, rinsed with fresh media, and either exposed to metabolic inhibitors or to hypoxia. At appropriate time points, samples of media were removed, and the distribution of [3H]arachidonic acid was determined by scintillation counting. At the end of the incubations, cells were harvested, and residual [3H]arachidonic acid was determined.
Arachidonic acid released was expressed as a percentage of total arachidonic acid incorporated.
ATP levels were measured using the luciferase-luciferin reaction (Sigma) after extraction of cells with 5% TCA exactly as described previously.172' the indicated time points, total cell RNA was extracted and analyzed by Northern blots as described in "Materials and Methods." Blots were probed sequentially with the different probes. The top panels show representative blots, and the bar graph at the bottom shows transcript levels (mean±SEM) quantified from five separate experiments as described in "Materials and Methods." Two-hour hypoxia time points were run as positive controls (top right), and the mean of these (n=6) To determine the effects of more severe metabolic stress on immediate-early gene expression, cultures were treated with a combination of KCN and deoxyglucose to inhibit both respiratory and glycolytic pathways. As anticipated, inclusion of the glycolysis inhibitor deoxyglucose prevented the KCN-mediated increase in lactate production described above; consequently, there was a precipitous fall in intracellular ATP to =20% of the control level (Fig 3) . Northern Treatment of cultures with deoxyglucose alone also caused transient twofold to threefold inductions of c-fos, c-jun, and jun D (n-5, data not shown). As the least perturbing intervention, the response to deoxyglucose is perhaps an indication of the high sensitivity of these genes to changes in metabolic flux.
IAA is a highly potent metabolic inhibitor that acts upstream from and inhibits both oxidative and glycolytic metabolic pathways.4546 We used IAA treatment to examine extreme cellular stress that included the transition to lethal damage. Fig 5 shows the effects of IAA treatment on lactate accumulation, ATP. and cellular integrity as determined by arachidonic acid and CPK release. Measures of cell integrity are compared with those in the presence of the other metabolic inhibitors.
As predicted, there was no induction of lactate production in the presence of IAA, and intracellular ATP levels fell to <10% of the control level within the first hour of exposure. In contrast to the other agents, IAA caused substantial loss of membrane arachidonic acid and intracellular CPK within the first 2 hours of exposure, indicating severe structural damage to the cells.
Transcript data from cultures treated with IAA are shown in Fig 6 . After 1 and 2 hours of exposure to IAA, c-fos, c-jun, and jun B were all strongly induced. Interestingly, jun D was not affected. Transcript levels had declined at 4 hours, and further time points were not determined because of the severe structural damage to the cultures that could be observed microscopically (not shown; see References 38 and 45) and that was apparent from the biochemical assays (Fig 5, middle and  bottom) . Inhibition of aerobic and anaerobic energy pathways by IAA or KCN/deoxyglucose also caused a decline in /3-actin transcript levels, particularly apparent at the later time points. This effect is presumably due to energy depletion. der all conditions of metabolic inhibition as described in "Materials and Methods." KCNdeoxyglucose curves did not differ from untreated control curves (m). Bottom, Release of intracellular creatine phosphokinase (CPK) was determined under all conditions. The broken line represents all other conditions including hypoxia, KCN, deoxyglucose, and KCN+deoxyglucose as described above. Error bars are omitted because there was no detectable CPK release under any of these conditions. All results are mean±SEM of at least three separate experiments. 50gM IAA 20 30 Discussion In the present study, we have examined the possible contributions of metabolic stress, including ATP depletion to the hypoxia-mediated pathway of immediateearly gene induction in neonatal cardiac myocytes. We have demonstrated that the treatment of cells with the mitochondrial respiratory chain inhibitor KCN mediated the aerobic to anaerobic switching, which was quantitatively indistinguishable from subjecting the cultures to severe hypoxia in terms of lactate production and ATP generation. KCN (1 mmol/L) completely blocked oxygen uptake and was therefore at least as effective as hypoxia in inhibiting respiration. Lactate was generated under hypoxia at an average rate of 4.9±0. was not reflected in their effects on immediate-early gene expression. Hypoxia caused peak inductions of c-fos and c-jun of >8-and >4-fold, respectively, after 2 to 4 hours of exposure (Fig 2, top right; Other studies have used metabolic inhibitors, including KCN and IAA, to model ischemic stress.45,46,52-54 In most cases, ATP depletion, probably through the inhibition of ion pumps, caused substantial elevation of intracellular calcium in association with membrane disintegration and irreversible cell damage.46 Therefore, immediate-early gene induction in response to severe metabolic stress involving ATP depletion could be regulated by calcium-dependent pathways. In the case of IAA, the mobilization of lipid second messengers may additionally be involved. Induction of the heat shock protein HSP 70 by hypoxia has also been demonstrated in muscle cells under conditions that involved and were probably related to ATP depletion. 55 To date, the molecular signaling mechanisms that regulate most other major hypoxia responsive genes have not been identified; these include erythropoietin,4056 heme-oxygenase,57 glycolytic enzymes,21435859 platelet-derived growth factor B-chain,60 endothelin-1,61,62 and a series of oxygen responsive proteins that are detected by two-dimensional gel electrophoresis.63 Interestingly, positive regulation of a tyrosine kinase64 and increased binding of a homeobox transcription factor65 by increased oxidation have recently been described. These findings demonstrate that key cysteine residues in responsive proteins can mediate both positive and negative regulation by redox.
The major conclusion to be drawn from our results is that metabolic inhibition with KCN, at the concentration used in the present study, closely mimicked the effects of hypoxia on metabolic switching but did not reproduce the effects of hypoxia on the expression of immediate-early genes. Compared with hypoxia, KCN mediated inductions that were attenuated both in their magnitude and persistence. Therefore, factors in addition to metabolic switching, possibly related to cellular redox reactions, must be involved in the regulation of these genes by hypoxia.
